Acute wound healing in the skin involves the communication of multiple cell types to coordinate keratinocyte and fibroblast proliferation and migration for epidermal and dermal repair. Many studies have focused on the interplay between hematopoietic cells, keratinocytes and fibroblasts during skin wound healing, yet the possible roles for other cell types within the skin, such as intradermal adipocytes, have not been investigated during this process. Here, we identify that adipocyte lineage cells are activated and function during acute skin wound healing. We find that adipocyte precursor cells proliferate and mature adipocytes repopulate skin wounds following inflammation and in parallel with fibroblast migration. Functional analysis of mice with defects in adipogenesis demonstrates that adipocytes are necessary for fibroblast recruitment and dermal reconstruction. These data implicate adipocytes as a key component of the intercellular communication that mediates fibroblast function during skin wound healing.
INTRODUCTION
Acute wound healing in the skin requires communication between multiple cell types to restore its barrier function by coordinating keratinocyte re-epithelialization and the restructuring of the dermis by fibroblasts (Leibovich and Ross, 1975; Wu et al., 1997) . In the initial stages of wound healing, immune cells clear foreign pathogens (Ross and Odland, 1968; Simpson and Ross, 1972) and produce growth factors (Leibovich and Ross, 1975; Wu et al., 1997 ) that activate keratinocytes, endothelial cells and fibroblasts. These cells proliferate and migrate to reseal the epidermal barrier and reform the dermal structure (Sunderkötter et al., 1994; DiPietro, 1995) . The final processes of extracellular matrix remodeling continue for several weeks following wounding.
We recently found that resident intradermal adipocytes regenerate in the skin during hair cycling and that adipocyte lineage cells are required for progression of native hair follicle regeneration (Festa et al., 2011) . Although adipocytes are primarily known for their role in the storage of triglycerides as an energy source, they also function as endocrine cells that secrete growth factors and cytokines associated with several physiological processes, including glucose and lipid metabolism (Kilroy et al., 2007; Ouchi et al., 2011) . However, whether intradermal adipocytes regenerate or function during skin wound healing is not known.
Here, we identify the activation and function of adipocyte lineage cells during acute skin wound healing. We demonstrate that adipocyte precursors proliferate and mature intradermal adipocytes repopulate the skin after wounding. Surprisingly, we find that genetic and pharmacological inhibition of mature adipocyte formation abrogates fibroblast presence and extracellular matrix protein deposition in the regenerating dermis. These defects result in long-term loss of skin integrity and in wound recurrence. Together, these results demonstrate that the proliferative stage of skin wound healing requires adipocytes to direct fibroblast function. Animal experiments
MATERIALS AND METHODS
All animals were handled according to the institutional guidelines of Yale University. CD-1, FVB, AZIP and ob/ob mice were described previously (Moitra et al., 1998; Chua et al., 1996; Campfield et al., 1995) . For experiments using AZIP and ob/ob mice, we used age-and sex-matched littermates or FVBs as controls.
For wounding studies, a full-thickness 4 mm wound was introduced by punch biopsy onto the middle backskin of 7-week-old adult male mice. For each time point examined, three to six mice were used with a minimum of four wounds per mouse. Each wound was spaced at least 2 mm apart on the backskin. The wounded skin area and no more than 1 mm of surrounding unwounded skin was excised for mRNA and protein analysis.
For 5-bromo-2′-deoxyuridine (BrdU) pulse experiments, mice were injected intraperitoneally with 50 mg/kg BrdU (Sigma-Aldrich) daily for 2 days prior to being sacrificed. For experiments using GW9662 (Cayman Chemical), mice were injected daily at 1 μg/g at the indicated time points. For experiments using bisphenol A diglycidyl ether (BADGE) (Cayman Chemical), mice were injected daily at 15 μg/g. Vehicle controls were injected with the same amount of DMSO.
Histology and immunofluorescence
For histological analysis, 14 μm sections from the central part of the wound were fixed in 4% formaldehyde and stained with Hematoxylin and Eosin. To measure histological characteristics of wounds, each wound was embedded and sectioned through its entirety. Sections from the middle of the wound, as indicated by the greatest length of hyperproliferative epidermis, were used for all analyses. We determined the percentage of epidermal re-epithelialization by measuring the total length of the hyperproliferative keratinocyte region and dividing by the total wound length (the sum of the lengths of the epithelium and unepithelialized wound bed). The length and area of the hyperproliferative wound epithelium were determined using ImageJ software (NIH) . To analyze collagen protein, trichrome staining was performed using Masson's Trichrome Stain Kit according to the manufacturer's protocol (Polysciences).
For immunofluorescence, the following antibodies were used: perilipin A (rabbit, Abcam, 1:1000); ER-TR7 (rat, Novus Biologicals, 1:300); α-SMA (mouse, Thermo Scientific, 1:300); BrdU (rat, Abbiotec, 1:300); LY6G (rat, Novus Biologicals, 1:50); F4/80 (rat, Abcam, 1:100); CD45 (rat, eBiosciences, 1:300); GS-IB4 Alexa 488-conjugated (Invitrogen, 1:200); vimentin (rabbit, Cell Signaling, 1:100); and KI67 (rabbit, Leica, 1:300). When applicable, the M.O.M. Kit (Vector Labs) was used to prevent nonspecific binding with mouse antibodies. Fluorescence quantification was performed using ImageJ. Corrected total fluorescence (CTF) was calculated by determining the integrated density of fluorescence in the wound bed or adjacent non-wounded area (NW) in the same slide and subtracting the total area of the region multiplied by the mean background fluorescence of the negative epidermis in the slide of interest (Gavet and Pines, 2010) .
Flow cytometry analysis
Dermal cells were released from skin tissue by digestion of minced tissue with 1:100 collagenase IA (Sigma). Adipocyte precursor cell purification was performed as described (Festa et al., 2011) . Briefly, single-cell suspensions were resuspended in FACS staining buffer comprising 4% fetal bovine serum (FBS) in PBS and stained with antibodies. Cells were fixed and permeabilized using BD fixation/permeabilization buffers (BD Biosciences). Myofibroblast and immune cell analysis was performed using α-SMA-FITC (Abcam) and CD45-PE-Cy7 (eBiosciences). FITC-conjugated isotype controls were used for intracellular staining at the same concentration (FITC mouse IgG2a, BD Pharmingen). Macrophages were isolated using CD-45-PE-Cy7 (eBiosciences), CD11b-PE (BD Biosciences) and F4/80-APC (Biolegend). Cells were sorted using a FACS Aria III equipped with FACS DiVA software (BD Biosciences). BrdU staining of cells was performed according to manufacturer's directions using the BrdU Flow Kit (BD Biosciences).
In vitro assays and cell culture
Cell culture migration experiments were performed using primary fibroblasts from mouse tail skin. Sections (1 cm ) of mouse tail skin were placed in culture dishes and grown in fibroblast medium [(DMEM high-glucose medium containing 10% FBS, 1× penicillin/streptomycin/amphotericin B Solution (PSA)]. GW9662 or DMSO was added at 2 μM, 5 μM or 10 μM. Migration distance was measured from the edge of the tail skin after 3 and 6 days using ImageJ. For Go to:
conditioned medium (CM) experiments, 50,000 total dermal cells or FACS-purified adipocyte precursors were plated in fibroblast medium as described (Festa et al., 2011) . After 3 days, adipocytes were evident in adipocyte cultures and CM was collected daily. Skin explants were plated for 1 day prior to the addition of CM. Migration distance was measured from the edge of the tail skin after 3, 4 and 5 days using ImageJ. To analyze proliferation, fibroblasts were pulsed for 3 hours with BrdU at the indicated days, fixed and permeabilized using the BD fixation/permeablization buffers and analyzed on a FACS Aria.
RT-PCR
For expression analysis from skin, 4 mm skin wounds were excised from skin using 5 mm biopsy punches. The wounds and surrounding tissue were homogenized in TRIzol (Invitrogen) and RNA was extracted according to the manufacturer's instructions. Primers (5′-3′, forward and reverse): fibronectin, CTACCCTGCAGCCTCTGCGC and TCACCTCCCTGGCTCGGTCG; collagen Iα1, TGTTCGTGGTTCTCAGGGTAG and TTGTCGTAGCAGGGTTCTTTC; collagen IIIα1, TGCCCACAGCCTTCTACACCT and CCAGCTGGGCCTTTGATACCT; Tgfb, GGATACCAACTATTGCTTCAGCTCC and AGGCTCCAAATATAGGGGCAGGGTC; Pdgfa, GCGGTGGTGGACCCGTGAAG and CCGGGAGTTGATCGAGCGGC; Mmp9, ATCCCCAGAGCGTCATTCGCG and CACGTAGCCCACGTCGTCCAC; Il10, GCCCAGAAATCAAGGAGCATT and TGCTCCACTGCCTTGCTCTTA. RT-PCR was performed on a LightCycler 480 (Roche) as described previously (Festa et al., 2011) . All results were normalized to β-actin values.
RNA from macrophages was isolated using TRIzol (Invitrogen) according to manufacturer's instructions.
Western blot
Skin wounds from GW9662-injected and vehicle-injected mice were excised using 5 mm biopsy punches and protein was isolated using RIPA lysis buffer. Protein concentration was analyzed using the BCA Protein Assay Kit (Thermo Scientific). Primary antibodies used were fibronectin (Calbiochem, 1:400), α-SMA (Sigma, 1:2000) and β-actin (Sigma, 1:10,000). Secondary antibodies used were peroxidase-conjugated goat anti-mouse IgG (Jackson Immunoresearch; 1:5000) and peroxidase-conjugated goat anti-rabbit IgG (Jackson Immunoresearch; 1:5000). Western blots were developed using ECL Plus Detection System (GE Healthcare).
Statistics
To determine significance between groups, comparisons were made using Student's t-test and one-way ANOVA with GraphPad Prism. P<0.05 was accepted for statistical significance.
RESULTS
Adipocytes repopulate skin wounds during the proliferative phase of healing
To determine whether adipocytes repopulate skin wounds, we analyzed mature adipocytes during a timecourse of fullthickness wound healing following punch biopsy of murine dorsal skin. Skin sections of a wound healing timecourse were immunostained with antibodies against the adipocyte marker perilipin A (perilipin 1 -Mouse Genome Informatics) (Festa et al., 2011; Greenberg et al., 1991) . We find that small perilipin adipocytes are present in the wound after reepithelialization at 5 days ( Fig. 1A,B) . apparent within the wound bed at both 5 and 7 days after wounding (Fig. 1C) . These data were confirmed by analysis of isolated cells by flow cytometry. Analysis of GFP expression in isolated dermal cells revealed that 24% of the isolated cells were GFP in non-wounded skin and increased to 47% 5 days after wounding (Fig. 1C) . Taken together, these data indicate that small, mature adipocytes reappear in the wound bed following skin injury.
To define the timing of adipocyte presence in skin wounds, we analyzed perilipin adipocytes with reference to immune cells, endothelial cells and fibroblasts by immunostaining skin sections 5 and 7 days following wounding with antibodies against perilipin, CD45 (PTPRC -Mouse Genome Informatics), GS-IB4 and ER-TR7 (Brack et al., 2007) to mark immune, endothelial and fibroblast cells, respectively. Perilipin adipocytes were localized at the wound edge after 5 days, in contrast to the CD45 immune cells which filled the middle of the wound bed. Small, mature adipocytes appeared adjacent to ER-TR7 fibroblasts and GS-IB4 blood vessels at the wound edge at day 5 and within the center of the wound bed by day 7 (Fig. 1D ). Thus, adipocytes repopulate skin wounds after inflammation and during fibroblast and endothelial cell recruitment.
We have shown that adipocyte precursor cells, which lack hematopoietic and endothelial markers (Lin ) but express CD34, CD29 (ITGβ1 -Mouse Genome Informatics) and SCA1 (LY6A -Mouse Genome Informatics), have adipogenic potential and are resident in adipose depots and the skin (Rodeheffer et al., 2008; Festa et al., 2011) . Furthermore, these adipocyte precursors are activated to proliferate during hair cycle-associated adipocyte regeneration in the skin (Festa et al., 2011) . To determine whether the activation of adipocyte precursors occurs following wounding, we analyzed the presence and proliferation of Lin , CD34 , CD29 , SCA1 cells 5 days after skin injury by FACS. We pulsed mice with BrdU for 48 hours prior to each time point and isolated adipocyte precursors from wounded skin. We found that the percentage and proliferation of adipocyte precursors increased in wounds after 5 and 7 days compared with unwounded skin ( Fig. 2A-C ). These data demonstrate that resident adipocyte precursor cells are activated to proliferate during wounding. 
AZIP mice display defects in fibroblast recruitment into skin wounds
To define the function of adipocytes in wound healing, we analyzed wound healing in the lipoatrophic 'fatless' AZIP/F1 mouse. AZIP mice lack mature white adipocytes throughout the animal, including the skin (Festa et al., 2011) , due to the expression of a flag epitope-tagged, dominant-negative form of C/EBP under the control of the aP2 promoter, which normally drives expression of fatty acid binding protein 4 (FABP4) late in adipogenesis. Previously, we found that immature adipocyte lineage cells are present in the skin of AZIP mice (Festa et al., 2011) ; thus, AZIP mice allow the dissection of the role of mature adipocytes in the skin.
Despite the development of diabetes after 5 weeks of age (Moitra et al., 1998) , AZIP mice did not display reepithelization defects typical of other diabetic models such as ob/ob in the first week of wound healing (Werner et al., 1994; Frank et al., 2000) (Fig. 3A) . There was no noticeable defect in wound contraction as determined by the distance between the edges of the panniculus carnosus of AZIP wounds after 1 week compared with controls (Fig. 3B) . The normal re-epithelialization of keratinocytes during wound healing in AZIP mice was consistent with similar numbers of BrdU keratinocytes in wounds of control and AZIP mice at 3 or 5 days after wounding (Fig. 3C ). In addition, immunostaining for F4/80 (EMR1 -Mouse Genome Informatics) macrophages showed no difference between AZIP mice and littermate controls (Fig. 3D) . Thus, keratinocyte and macrophage localization during skin wound healing is unaffected by the lack of mature adipocytes in AZIP mice. We analyzed Hematoxylin and Eosin (H&E)-stained skin sections of wounds from wild-type (WT) and AZIP mice to determine whether dermal defects occur in AZIP mice. We find that the dermis of AZIP mice at 7 days lacks cellular organization (Fig. 3E) . To determine whether fibroblasts were altered in the skin of AZIP mice following wounding, we immunostained skin sections with antibodies against ER-TR7 and α-smooth muscle actin (α-SMA). In WT mice, the wound bed is filled with ER-TR7 fibroblasts and contains numerous α-SMA myofibroblasts after 7 days. By contrast, wound beds of AZIP mice lack cells expressing these markers, suggesting that fibroblast function is altered in healing AZIP skin. This defect does not seem to be a general defect in fibroblast function in AZIP skin, as ER-TR7 fibroblasts accumulate normally at the wound edge in AZIP mice and non-wounded AZIP skin displays a typical collagen matrix morphology (Fig. 3E, inset) .
To determine whether the dermal defects in AZIP mice following wounding are due to a diabetic phenotype, we analyzed wound healing in ob/ob mice, which lack leptin, have increased adipocytes in multiple white adipose depots, and develop diabetes (Ingalls et al., 1950; Mayer and Barrnett, 1953; Zhang et al., 1994) . Despite the delay in re-epithelialization in ob/ob mice, fibroblasts and myofibroblasts were present in the wound bed 5 days following wounding (Fig. 3E) . To quantitate fibroblast presence in the wound bed in multiple mice, we determined the relative fluorescence intensity of ER-TR7 and α-SMA immunostaining in the wound bed (Fig. 3F) . Wounds of AZIP mice showed a significant reduction in fluorescence intensity for ER-TR7 and α-SMA in the wound bed but not in the area adjacent to the wound. Overall, these defects suggest that the adipocytes are required for fibroblast presence in the wound bed following skin wounding.
Inhibition of PPARγ abrogates adipocyte repopulation of skin wounding
To further address the role of adipocytes in the skin during wounding, adipogenesis was inhibited in mice using two different PPARγ inhibitors: GW9662 and bisphenol A diglycidyl ether (BADGE) (Bendixen et al., 2001; Wright et al., 2000) . Since keratinocytes and fibroblasts do not express PPARγ in wounded skin (Michalik et al., 2001 ), we did not anticipate that PPARγ inhibition would alter keratinocyte or fibroblast function. Indeed, mice treated with GW9662 did not display defects in keratinocyte proliferation or re-epithelialization (supplementary material Fig. S1B ). Furthermore, fibroblasts treated in vitro with increasing concentrations of GW9662 migrated similarly to cells treated with vehicle (supplementary material Fig. S1A ). Proliferation of primary fibroblasts was also unaffected, as determined by BrdU incorporation analysis by flow cytometry (supplementary material Fig. S1A ). Therefore, GW9662 does not directly alter keratinocyte or primary fibroblast proliferation or migration.
Since PPARγ has been reported to regulate regenerative macrophage function (Chawla et al., 1994; Gautier et al., 2012) , we analyzed the recruitment and function of immune cell populations in the wounds of GW9662-treated mice. Mice treated with GW9662 did not display defects in the percentage of CD45 , CD11b (ITGAM -Mouse Genome Informatics), F4/80 macrophages within the wounds at 3 days (supplementary material Fig. S2A ). Immunostaining sections of 3-day wounds from vehicle-or GW9662-treated mice with antibodies against F4/80 and LY6G indicated normal recruitment of macrophages and neutrophils, respectively (supplementary material Fig. S2B ). The normal recruitment of CD45 immune cells was further confirmed by FACS at 5 and 7 days after wounding in vehicle-and GW9662-treated wounds (supplementary material Fig. S2C ). To analyze macrophage function in GW9662-treated wounds, we examined mRNA for cytokines known to be expressed by macrophages following wounding (Delavary et al., 2011; DiPietro, 1995) . Macrophages from vehicle-and GW9662-treated mice expressed similar amounts of mRNA for the cytokines Mmp9, Tgfb, Pdgfa and Il10 (supplementary material Fig. S2D ). These data suggest that the general expression of these cytokines in macrophages is not altered with pharmacological inhibition of PPARγ during skin wounding.
To confirm that inhibition of PPARγ blocks adipogenesis of intradermal adipocytes during wound healing, we analyzed adipocyte regeneration in wounds of WT mice treated with GW9662 or BADGE by immunostaining with antibodies against perilipin. After 5 and 7 days, wounded skin from mice injected with GW9662 and BADGE exhibited a significant reduction in the number of adipocytes in the wound bed compared with vehicle-injected controls (supplementary material Fig. S3A ), supporting the ability of GW9662 to block adipocyte maturation during wound healing.
To determine whether GW9662 affects the proliferation of adipocyte precursor cells in vivo, we pulsed mice with BrdU for 2 days during a wound healing timecourse in vehicle-and GW9662-treated mice and analyzed adipocyte precursor cells by flow cytometry. GW9662 treatment caused no difference in the proliferation of adipocyte precursors at either 5 or 7 days after wounding when compared with vehicle-injected controls. In addition, the number of adipocyte precursors in wounds was comparable to that of vehicle-injected controls (supplementary material Fig. S3C ).
Inhibition of adipogenesis abrogates fibroblast repopulation of skin wounds
Next, we investigated whether GW9662-treated mice display defects in wound healing. Mice were treated with vehicle or GW9662 following full-thickness punch biopsies. Histological analysis of wounded skin of GW9662-treated mice by H&E staining illustrated defects in the dermis (supplementary material Fig. S3B ), similar to defects following wounding in AZIP mice. Immunostaining with antibodies against ER-TR7 and α-SMA revealed that fibroblasts were absent within the wound bed but present adjacent to the wound in both GW9662-and BADGE-treated mice (Fig. 4A) . Quantification of multiple experiments revealed a significant reduction in the fluorescence intensity of ER-TR7 and α-SMA staining in the wound bed of GW9662-treated mice but not in adjacent non-wounded areas (Fig. 4B) . These data suggest that inhibition of adipocytes with PPARγ inhibitors results in dermal defects similar to those observed in AZIP mice. To further analyze myofibroblast presence in wounds of vehicle-and GW9662-treated mice, we analyzed α-SMA cells by flow cytometry. Isotype control antibodies confirmed the specificity of intracellular staining of α-SMA antibodies (supplementary material Fig. S3D ). Whereas α-SMA cells increased following wounding in vehicle-treated mice, α-SMA cells were significantly reduced at day 7 following wound healing in mice treated with GW9662 (Fig. 4C) . In addition, a population of CD45 , α-SMA cells, which have been suggested to be fibrocytes (Kao et al., 2011) , was also significantly reduced at both 5 and 7 days after wounding in GW9662-treated mice compared with vehicle-treated controls. Reduction of α-SMA-expressing cells in 5-day wounds of GW9662-treated mice was confirmed by western blot analysis (Fig. 4D) . These data support a reduction in fibroblast function following wound healing in mice treated with PPARγ inhibitors.
To confirm that early events in wound healing were not inhibited by inhibition of PPARγ during wound healing, we injected mice with GW9662 from days 0-2 or 3-5 following wounding and analyzed the mice at day 7. Adipocytes were present in wounded skin when mice were treated with GW9662 from days 0-2 but were reduced in number with GW9662 injections on days 3-5 (Fig. 4E) . Analysis of ER-TR7 expression revealed that fibroblasts were present in the wounds when GW9662 was injected in the first 2 days after wounding, but fibroblasts were absent from wounds when GW9662 was injected 3-5 days following wounding. These data confirm that inhibition of adipocyte formation during wound healing abrogates fibroblast presence in skin wounds and suggest that GW9662 does not alter the function of non-adipocyte cell types during the earliest stages of wound healing.
To analyze fibroblast function during skin wound healing, we measured the expression of extracellular matrix (ECM) component mRNA and protein. The wound beds of GW9662-treated mice lacked trichrome staining of collagen foci, which were prevalent in the wounds of vehicle-treated mice at 7 days after wounding (Fig. 5A ). The reduction in collagen within wounds of GW9662-treated mice was confirmed by real-time PCR (Fig. 5B ). In addition, fibronectin mRNA and protein levels were significantly reduced in GW9662-treated mouse wounds, as determined by real-time PCR and western blot analyses, respectively (Fig. 5C ). Taken together, these data suggest that adipocytes are required for fibroblast function during skin wound healing. 
Defects in adipocyte function during wound healing result in wound failure
To determine whether fibroblast defects during wound healing due to a lack of adipocytes lead to skin failure and wound
recurrence, we analyzed wounds of control, AZIP and GW9662-treated mice 2 weeks after punch biopsy. Histologically, the wounds of AZIP and GW9662-treated mice appeared more defective at 2 weeks than at 1 week (  Fig. 6A) . Despite the lack of defects in wound bed size after 1 week, the AZIP mice displayed a significantly larger wound bed area and wound length after 2 weeks, as compared with control mice at 2 weeks (Fig. 6B) . Similarly, the wounds of mice treated with GW9662 for 2 weeks displayed a similar expansion in the size of the dermal compartment after 2 weeks (Fig. 6C) . Fig. 6 . Wound recurrence after 2 weeks of healing in AZIP and GW9662-treated mice. (A) H&E-stained sections illustrate the development of epidermal defects and a lack of dermal healing in AZIP and GW9662-injected mice 2 weeks after wounding. Dotted line ...
The wounds of AZIP and GW9662-treated mice also developed keratinocyte defects after 2 weeks, as indicated by an increase in the epidermal area of the wounds (Fig. 6A,D) . This increase in epidermal area correlated with an increase in KI67 (MKI67 -Mouse Genome Informatics) keratinocytes in the wounded skin of AZIP and GW9662-treated mice compared with control wounds (Fig. 6E,F) . In fact, 50% of AZIP and GW9662-treated wounds re-opened, as indicated by a lack of a continuous epidermis over the wound bed (Fig. 6A ). These data demonstrate that the dermal defects that occur in the absence of adipocytes lead to defects in dermal remodeling that compromise the integrity of the closed wounds, resulting in skin failure and wound recurrence.
Adipocytes may promote fibroblast production and migration during skin wound healing
Adipocytes may influence fibroblast function during skin wound healing by altering fibroblast development from a precursor cell, the expansion of resident fibroblasts via proliferation, and/or the migration of fibroblasts into the wound. To determine whether fibroblast production is altered in the absence of adipocytes, we quantified the number of ER-TR7 fibroblasts in AZIP and GW9662-treated mice after wounding (Fig. 7A) . Consistent with our previous results, fewer fibroblasts were found within wounds of AZIP and GW9662-treated mice. Examination of the number of ER-TR7 cells outside the wound edge revealed that AZIP and GW9662-treated mice have a similar or increased number of fibroblasts compared with control wounds outside of the wound bed. The total number of fibroblasts is significantly decreased in the absence of adipocytes in both AZIP mice at 7 days and GW9662-treated mice at 5 days, but the difference in fibroblast number does not persist in GW9662-treated mice at 7 days. To determine whether defects in fibroblast proliferation occur in the absence of adipocyte formation, we pulsed wounded vehicle-or GW9662-treated mice with BrdU for 48 hours and analyzed day-5 wounds. We stained skin sections from GW9662-injected mice and controls with antibodies against BrdU and vimentin, an intermediate filament protein that is expressed in fibroblasts (Chang et. al., 2002) (Fig. 7B) . Five days after wounding, the same number of vimentin cells at the edge of the wound bed are proliferative in vehicle-and GW9662-injected mice (Fig. 7B) , suggesting that fibroblast proliferation is not altered in the absence of adipocytes. Taken together with the reduction in fibroblasts in AZIP and GW9662-treated mice, these data suggest that alterations in adipocyte formation can hinder the production of fibroblasts, which might occur by influencing the activity of an unidentified fibroblast precursor cell.
Since fibroblasts are present outside the wound edge of AZIP and GW9662-treated mice but do not seem to migrate into the wound bed, we sought to determine if adipocytes secrete factors that promote fibroblast migration. We determined whether adipocyte-conditioned media could influence primary fibroblast migration from explants of skin. Primary dermal cells or adipocytes from FACS-purified skin cells were plated in fibroblast medium, and conditioned medium was collected after mature adipocytes had formed in cultures of adipocyte lineage cells (Festa et al., 2011) . Go to:
Addition of adipocyte-conditioned medium to explants of tail skin did not induce fibroblast proliferation but enhanced fibroblast migration from the edge of the skin explant when compared with the addition of conditioned medium from total dermal cells (Fig. 7C) . These data suggest that adipocytes might promote fibroblast production from precursor cells and/or enhance fibroblast migration into the wound bed so as to mediate fibroblast recruitment during skin wound healing.
DISCUSSION
Our data show that the proliferative phase of wound healing involves the repopulation of adipocytes within skin wounds. We show that immature adipocytes are activated during the proliferative phase of acute skin wound healing and mature, perilipin adipocytes and fibroblasts appear in healing wounds concurrently. The lack of adipocytes in the wounds of mice treated with PPARγ inhibitors suggests that the repopulation of adipocytes during wounding occurs via adipogenesis. Adipocyte migration from non-wounded areas might also contribute to the repopulation of adipocytes within skin wounds.
Our data indicate that the activation of adipocyte precursor cells following wounding occurs after immune cells infiltrate the wound bed and concurrently with fibroblast migration. The activation of adipocyte precursors and their differentiation into mature adipocytes may be promoted by immune cells in the wound bed. An interplay between hematopoietic and adipocyte lineage cells has been shown in vitro. Macrophages can stimulate preadipocyte proliferation (Keophiphath et al., 2009; Chazenbalk et al., 2011) and induce alterations in cell morphology by modulating actin cytoskeletal organization and focal adhesions (Keophiphath et al., 2009) . Accumulation of macrophages and immune cells in adipose tissue is enhanced in obesity, leading to increased inflammation and cytokine production (Lumeng et al., 2007; Kintscher et al., 2008) . Although the specific nature of these signals remains elusive, it is possible that adipocyte lineage cells are responding to molecules secreted by macrophages or other immune cell types in wounded tissue, leading to adipogenesis.
Wound healing defects in mice lacking adipocytes support the existence of two distinct but interdependent stages of the proliferative phase of skin wounding: an initial keratinocyte-mediated phase that seals the epithelial barrier, followed by a fibroblast-mediated phase that remodels the dermis to maintain epithelial structure and requires proper adipogenesis. Wounds in both AZIP mice and mice treated with PPARγ inhibitors lack mature adipocytes and display abrogated fibroblast presence and deposition of ECM proteins into the wound bed. However, keratinocyte re-epithelialization and wound contraction were not aberrant in these mouse models during the first week of healing, and thus do not seem to depend on the presence of fibroblasts in the wound bed. Keratinocytes are known to respond to cytokines produced by immune cells (Hübner et al., 1996) and might not require additional signals from fibroblasts to initially close the epithelial barrier. Furthermore, in the wounding paradigm used in this study, wound contraction after 1 week occurred in the absence of mature adipocytes, suggesting that myofibroblasts at the edge of wounds might be sufficient for initial wound contraction. However, the absence of fibroblasts and dermal remodeling in the absence of adipocytes led to a failure of the epithelium after 2 weeks, suggesting that adipocytes promote dermal remodeling to generate a robust structure to maintain the skin epithelium.
Direct or indirect communication may exist between adipocytes and fibroblasts
Given the reduction in fibroblasts in mice with defects in adipogenesis, adipocytes might indirectly contribute to fibroblast recruitment by controlling the production of an unidentified fibroblast precursor cell in the skin. During skeletal muscle regeneration, fibroblasts and adipocytes can derive from a common fibro/adipogenic progenitor (Joe et al., 2010; Uezumi et al., 2011) . Another fibroblast-like cell type that might be in a shared lineage relationship with skin adipocyte lineage cells are the fibrocytes, which are immature fibroblast-like cells that play significant roles in tissue remodeling during skin wound healing (Bucala et al., 1994; Chesney et al., 1998) and have the capacity to differentiate into adipocytes in a PPARγ-dependent manner (Hong et al., 2005) . Since mature adipocytes and fibroblasts appear in the wound bed simultaneously, a common precursor might be activated and differentiate into fibroblast and adipocyte progeny. This possibility is supported by the ability of skin-derived precursors to repopulate multiple cell lineages within the dermis, including fibroblasts and adipocytes (Biernaskie et al., 2009) . Alternatively, adipocytes and fibroblasts might have distinct precursor cells resident in the skin that become activated concurrently. Additional characterization of fibroblast populations in the skin and how they are altered in mice lacking adipocyte lineage cells will define how these cell types contribute to the production of adipocytes and fibroblasts in the skin. Go to:
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In addition, our data implicate a direct intercellular communication between adipocytes and fibroblasts that might contribute to fibroblast migration during dermal healing of skin wounds. In the skin, mature adipocytes produce plateletderived growth factor (PDGF) ligands (Blanpain et al., 2004; Festa et al., 2011) and bone morphogenetic proteins (BMPs) (Plikus et al., 2008) , both of which have been suggested to regulate wound healing processes. PDGF has many important roles in skin wound healing and serves as a chemotactic agent for neutrophils, macrophages and fibroblasts (Heldin and Westermark, 1999) . The primary source of PDGF in healing skin wounds is thought to be platelets (Vogt et al., 1998) , but adipocytes may contribute to later PDGF expression in skin wounds. The role of BMPs in skin wounding has not been explored extensively. Addition of BMP2 in fetal wounds can increase fibroblast recruitment (Stelnicki et al., 1998) , suggesting that BMP expression by mature adipocytes might mediate the function of adipocytes during wounding. In other adipocyte depots, mature adipocytes generate adipokines, such as adiponectin, leptin and free fatty acids, which can signal to other tissues and influence metabolism (Sumida et al., 1993; Ouchi et al., 2011; Rosen and Spiegelman, 2006) . Our future studies will explore the molecular mechanisms that underlie adipocyte function during wound healing in the skin.
Diabetes may influence fibroblast function during skin wound healing
Our results reveal that distinct wound healing defects occur in two diabetic mouse models. The genetically obese (ob/ob) mice have been used extensively to study the effects of diabetes on skin wound healing because they display severe defects in re-epithelialization similar to chronic wounding in diabetic patients Werner et al., 1994; Mustoe, 2004) . These impairments have been attributed to the lack of growth factors important for proper keratinocyte, endothelial cell and fibroblast function due to an increase in local inflammatory responses (Wetzler et al., 2000; Goren et al., 2003; Taylor et al., 2011) . Interestingly, despite the diabetic phenotype in AZIP mice, we did not observe an increase in the inflammatory response or defects in re-epithelialization in wounds, suggesting that the diabetic phenotype might be distinct in these mice. Several characteristics of diabetes are shared between ob/ob and AZIP mice, such as increased glucocorticoid levels and insulin resistance. However, differences in the regulation of glucose homeostasis might allow AZIP mice to elicit a proper immune response and re-epithelialize their wounds.
It is interesting to note that human patients with diabetes or who suffer from malnutrition have impaired skin wound healing. The absence of nutrients, such as fatty acids, in the skin can lead to altered cell proliferation and maintenance and decreased ECM production, ultimately contributing to non-healing skin conditions such as ulcers (Arnold and Barbul, 2006; Brown and Phillips, 2010) . By defining the role of adipocyte lineage cells in the skin, we have identified that these cells dynamically promote skin wound healing. It will be important for future studies to determine whether adipocytes can aid healing in chronic wounding or ameliorate fibrotic diseases, and to uncover the mechanisms by which they do so.
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